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We present NMR data in the normal and superconducting states of CeCoIn5 for fields close to
Hc2(0)= 11.8 T in the ab plane. Recent experiments identified a first-order transition from the
normal to superconducting state for H > 10.5 T, and a new thermodynamic phase below 290 mK
within the superconducting state. We find that the Knight shifts of the In(1), In(2) and the Co
are discontinuous across the first-order transition and the magnetic linewidths increase dramatically.
The broadening differs for the three sites, unlike the expectation for an Abrikosov vortex lattice, and
suggests the presence of static spin moments in the vortex cores. In the low-temperature and high-
field phase the broad NMR lineshapes suggest ordered local moments, rather than a long wavelength
quasiparticle spin density modulation expected for an FFLO phase.
PACS numbers: 71.27.+a, 76.60.-k, 74.70.Tx, 75.20.Hr
One of the most intriguing properties observed in
Kondo lattice systems is the emergence of unconven-
tional superconductivity near a quantum critical point
(QCP). By varying some external parameter such as field
or pressure, an antiferromagnetic ground state can be
tuned such that the transition temperature goes to zero
at the QCP. As the tuning parameter increases past the
QCP, conventional Fermi-liquid behavior is recovered be-
low a characteristic temperature TFL [1]. Superconduc-
tivity often emerges as the ground state of the system for
sufficiently low temperatures in the vicinity of the QCP
[2]. The heavy-fermion superconductor CeCoIn5 exhibits
many properties typical of a Kondo lattice system at a
QCP. In particular, TFL appears to vanish at the super-
conducting critical field Hc2(T = 0) for fields along the c
axis, suggesting the presence of a field-tuned QCP [3, 4].
This interpretation has remained contentious because the
ordered state associated with the QCP is superconductiv-
ity rather than antiferromagnetism. One explanation is
that an antiferromagnetic (AFM) phase is hidden within
the superconducting phase diagram, which is the genitor
of both the QCP and non-Fermi liquid behavior in the
vicinity of Hc2(0). However, when the superconductivity
is suppressed with Sn doping, the QCP tracks Hc2(0),
and no magnetic state emerges in the phase diagram,
whereas pressure separates the QCP [5].
In fact, there is a field-induced state, which we will
refer to as the B phase, in the H − T phase diagram of
CeCoIn5 that exists just belowHc2(0). The order param-
eter of the B phase could be either (1) a different symme-
try of the superconducting order parameter, (2) a field-
induced magnetic phase, or (3) a Fulde-Ferrell-Larkin-
Ovchinnikov (FFLO) superconducting phase [6, 7, 8, 9].
The normal to superconducting transition in this system
has a critical point at (H,T ) ∼ (10.5T, 0.75K), separat-
ing a second to first order transition, and the B phase
exists below a temperature T0(H) ∼ 290 mK and is
bounded by Tc(H). NMR experiments suggest the pres-
ence of excess quasiparticles associated with nodes in
the superconducting FFLO wavefunction [10, 11, 12, 13].
However, recent NMR work by Mitrovic´ et al. disagrees
with the original study, casting doubt on the interpre-
tation of this ordered phase as an FFLO state [14]. In
this Letter we report detailed NMR spectra of all three
sites: the 115In(1), 115In(2) and 59Co, in the normal and
superconducting phases. Our data agree with those of
[14], and by comparing our spectra at the three sites, we
conclude that long-range order of local moments exists
below T0. Therefore, the B phase is neither a different
symmetry of the superconducting order parameter, nor
simply the FFLO state, but rather a more complex field-
induced magnetic state that may be responsible for the
QCP point at Hc2(0).
We also find evidence for field-induced magnetism in
the mixed state (A phase) between Tc and T0. In this
temperature and field range, we find that the NMR
Knight shift is discontinuous across the first-order tran-
sition (Tc(H) < 750 mK), and the spectra undergo a
dramatic magnetic broadening nearly one order of magni-
tude larger than expected for orbital currents in a vortex
lattice. The broadening is different for the Co and In(1)
sites, suggesting that the origin of the magnetic broad-
ening is a distribution of hyperfine rather than orbital
fields. A likely source of hyperfine fields are quasi-static
spin moments within the vortex cores.
All of the NMR measurements were made on a sin-
gle crystal of CeCoIn5 mounted with H ||a. The orien-
tation was verified to within ∼ 1◦ by observing the res-
onance frequencies of the quadrupolar satellites of the
In(1) (115I = 9/2). The sample was mounted in the
3He-4He mixture of a dilution refrigerator, and the tank
circuit was tuned by two fixed capacitors located close
to the coil. Spectra were obtained by summing several
individual spectra taken with low power at constant fre-
2FIG. 1: NMR spectra of CeCoIn5 at 11.1T (left) and at
11.485T (right). The series of transitions at lower frequency
are the seven transitions of the 59Co, and the resonance at
higher frequency is the
`
−
3
2
↔ −
5
2
´
transition of the 115In(1).
The light blue shaded spectra are in the normal state, the
green spectra are within 20 mK of Tc (T0), the orange spectra
are in the A phase, and the purple spectra are in the B phase.
quency intervals [15]. The temperature was monitored by
a ruthenium oxide resistor mounted close to the sample.
Heating of the sample was minimized by reducing the
pulse power to within less than 200 mW for less than 20
µs. The field of the magnet was not independently cali-
brated, so the Knight shift measurements were shifted so
that the normal state values extrapolated to those mea-
sured previously [16].
Figure 1 shows spectra of the Co and In(1) at two dif-
ferent fields as a function of temperature (see Fig. 3a).
The In(1)
(− 52 ↔ − 32
)
transitions at ∼114.7 MHz and
∼118.5 MHz shift to lower frequency discontinuously at
Tc. We have confirmed that the resonances at ∼ 114.3
and ∼ 118.1 MHz for T < 200 mK are indeed the In(1)
by measuring several satellite transitions that show simi-
lar shifts in the superconducting state. The quadrupolar
splitting between the Co and In(1) satellites remains tem-
perature independent, indicating that the discontinuity
in the resonance frequency has a magnetic origin, rather
than a change in the charge configuration. The absolute
intensity of the spectra drops at Tc, an indication that
the sample is superconducting as the rf penetration is
reduced. Fig. 2 shows spectra of In(1) and In(2)|| (H
parallel to the face of unit cell [16]) at 11.1T.
Figure 3b shows the temperature dependence of the
In(1) Knight shift, Ks, as a function of temperature and
field. Ks is determined from the first moment of the res-
onance, and we have subtracted the temperature inde-
pendent orbital shift Ko = 0.13% to obtain the spin con-
tribution [16]. We find a discontinuous jump in Ks(T ) at
FIG. 2: NMR spectra of In(1)
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transitions in CeCoIn5 at 11.1T. Note that the
In(1) transition at 118.3 MHz in the normal state shifts down
in frequency discontinuously at Tc∼ 470 mK, whereas the
In(2)|| shifts up in frequency, as observed previously in lower
fields [16]. The broad double-peak structure between 117 and
119.5 MHz at 50 mK is the In(2)|| spectrum, and the solid line
is a simulation as discussed in the text. INSET: the spectrum
at 11.485 T, showing the broadened In(2)|| central transition
between 110 and 113 MHz.
Tc, in agreement with bulk measurements at these fields,
which reflects the discontinuity in the superconducting
gap at the first order transition [7, 17].
The spectra shown in Figs. 1 and 2 clearly show a dra-
matic increase in the magnetic linewidths below Tc. The
linewidths of the Co and In(1) are shown as functions of
field and temperature in Fig. 4. The resonance frequency
in the superconducting state can be written as the sum of
three contributions: f(r) = ηγ|H+4piMo(r)+AMs(r)|,
where ηγ is the gyromagnetic ratio of the η nucleus, A
is the hyperfine coupling, Mo(s)(r) is the orbital (spin)
magnetization and Ks = AMs/H . There are two sources
of magnetic broadening: a spatial distribution of Mo(r)
or Ms(r). In type II superconductors, both are spa-
tially distributed due to the vortex lattice, and hence
the NMR spectrum develops a characteristic lineshape
in the mixed state (A phase), which is typically domi-
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FIG. 3: (a) The H−T phase diagram, showing first-order (◦)
and second-order (•) transitions, from [17]. The solid lines
are guides to the eye. (b) The Knight shift of the In(1) at
11.8T (◦), 11.485T (), 11.1T (H), and 3.33T (N, [16]).
nated by Mo(r) [18, 19]. However, the broadening we
observe occurs in the A phase and changes little in the B
phase. This result is surprising, since a priori one would
expect an extra broadening due to Ms(r) in the FFLO
phase [20, 21]. In fact, the vortex contribution, Mo(r),
should be negligible at these fields. The second moment
of the Abrikosov vortex lattice field distribution with a
Ginzburg-Landau parameter κ = λ/ξ ≈ 60 and orbital
limiting field Ho
c2 ≈ 35 T is
√
σorb ≈ 12 Oe at these
fields [17, 22, 23]. Convolving this result with the intrin-
sic normal state linewidths (
√
σn ∼ 20 Oe), gives a net
change of ∼ 3 Oe. Clearly, as seen in Fig. 4, the mag-
netic broadening observed is much too large to explain
with a conventional Abrikosov vortex lattice. Further-
more, the broadening at the Co site is nearly twice that
at the In(1) site. If the broadening mechanism were from
orbital supercurrents or spin-polarized quasiparticles in
the domain walls of the FFLO state, then the response
at the Co and In(1) would be identical. The only way
to understand our results is a distribution of Ms(r) due
to local moments, which gives a different response for
different hyperfine couplings unique to each nuclear site.
We propose that this distribution of spin polariza-
tion arises from magnetic order in the vortex cores, as
has been found in the high temperature superconduc-
tors [24, 25]. Since the superconducting order parameter
vanishes in the cores, it is plausible that competing or-
60
40
20
0
σ
1/
2  
(O
e)
 Co at 11.1T
  In(1) at 11.1T
60
40
20
0
σ
1/
2  
(O
e)
1.00.80.60.40.20.0
T (K)
 Co at 11.5T
  In(1) at 11.5T
 
  In(1) at 11.8TTc(11.5T)
Tc(11.1T)
FIG. 4: The second moments of the Co and In(1) resonances
at 11.1 T (upper) and at 11.485 T (lower). The normal state
data at 11.8 T is included in the lower panel.
ders may be stabilized [26]. CeCoIn5 becomes AFM with
only a few percent Cd doping, which indicates that this
material lies close to an AFM instability [27]. Indeed,
recent neutron measurements found an enhancement of
the vortex lattice form factor consistent with spins in the
cores [28], and magnetization measurements as a function
of field reveal a strong paramagenetic contribution even
in the mixed state of this material [17]. Such an effect
has been observed in other heavy-fermion materials, and
may be associated with a paramagnetic response of local
f moments in the vortex cores [29].
Below T0, the response of all three sites differs dra-
matically. Figures 1 and 2 show spectra of the In(1) and
In(2)|| at 11.1 T. The In(1) and Co spectra change little
across the T0 ∼ 290 mK transition at 11.1T, whereas the
In(2)|| signal disappears below T0 and then reappears be-
low ∼100 mK with a broad double-peak structure over a
range of ∼2.5 MHz. We have confirmed that this spec-
trum is the In(2)|| by checking the response of a different
satellite transition (see Fig. 2 INSET). Similar features
were observed in CeRhIn5 in the AFM state, where the
In(1) lines remained sharp while the In(2) spectra devel-
oped a broad powder pattern-like spectrum as a result
of the incommensurate magnetic structure [30]. Such an
effect cannot be explained by a long-wavelength modula-
tion of Ms(r) as expected in an FFLO state, or a change
of the order parameter symmetry. In either case, the
wavelength of the modulation should be on the order of
4either the coherence length, ξ, or the Fermi wavevector
mismatch, 1/|kF↑ − kF↓|. Both of these length scales
exceed the unit cell length, implying that the response
of the Co, In(1) and In(2) should be similar. If there
were static order of Ce moments, then because of their
particular site symmetries the Co and In(1) can remain
relatively sharp whereas the In(2) can experience large
hyperfine fields [31]. A possible magnetic structure that
satisfies these requirements is Q = (pi/a − δ, pi/a, pi/c),
where 2pi/δ is the wavelength of the incommensuration
and the Ce spins S0 || H || aˆ. In this case the isotropic
components of the hyperfine field at the In(1) and Co
sites vanishes, but at the In(2) the hyperfine field has
components either parallel or antiparallel toH. The solid
line in Fig. 2 shows the expected lineshape for a sinu-
soidal variation of Hhyp with magnitude 1.3 kOe, which
has been convolved with a Gaussian with width 100 kHz.
We do not have independent information to determine
either δ or S0, since Hhyp ∝ S0δ. The onset of long-
range magnetic order also explains why the In(2)|| signal
disappears just below T0, since the combination of criti-
cal slowing down and the large hyperfine fields leads to
a fast spin-echo decay time, T2, wiping out the NMR
signal [32]. When the magnetic order becomes static,
T2 becomes longer and the signal recovers, but the large
static hyperfine field shifts the resonance frequency.
A possible explanation for understanding these results
is that the field-induced magnetism in the vortex cores
becomes correlated between the vortices below T0. The
isostructural compound CeRhIn5 exhibits field induced
magnetism under pressure [33]. Comparison of the pres-
sure dependent phase diagrams of these two materials
suggests that CeCoIn5 is nearly identical to CeRhIn5
under a pressure of 1.6-2.3 GPa, exactly in the vicin-
ity of the pressure where CeRhIn5 exhibits field-induced
magnetism [34]. Furthermore, the H − T phase diagram
of CeRhIn5 is nearly identical to that of CeCoIn5, ex-
cept that in CeRhIn5 the field-induced magnetism per-
sists above Hc2(0), whereas in CeCoIn5 there is no sign
of magnetism in the normal state. We cannot rule out
the existence of an FFLO state, or whether the long-
range magnetism coexists with the FFLO order. Never-
theless, local moment magnetism clearly competes with
Kondo screening and with superconductivity, so mag-
netism may emerge naturally where the superconductiv-
ity is suppressed within the vortex cores or the nodal
planes of the FFLO phase. This interpretation offers a
consistent explanation of the non-Fermi liquid behavior
associated with the QCP at Hc2(0), where the observed
field-induced magnetism apparently exists only within
the superconducting phase.
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